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BACKGROUND OF THE INVENTION 

[0001] The present invention relates to the field of semiconductor device fabrication, and 
to the formation within such devices of silicon microstructures through the use of chemical 
vapor deposition, dopant implantation, feature patterning and etching, and other fabrication 
techniques. Furthermore, polysilicon is a material widely used in microelectronic devices, 
and the present invention relates to certain fabrication methods and device structures that may 
require the use of polysilicon. More particularly, in certain memory devices, polysilicon may 
be employed for floating gates of transistors used to form a storage array. In memory device 
applications of this type, the transistor floating gates are used to store and retain a plurality of 
electrical charges in accordance with the data being written. Subsequent read operations may 
then be performed on a device to retrieve stored data when it is needed. 
[0002] In the manufacture of semiconductor devices, the structure of silicon may take 
different forms with respect to its crystalline properties. For example, in the form of ingots 
for the production of wafers, the preferred silicon structure is primarily monociystalline, 
because this structure has the fewest number of crystal lattice faults, and this is desirable for 
the fabrication of semiconductor devices. On the other hand, silicon may also be fabricated 
in the form of polycrystalline or amorphous silicon, with crystalline lattices that include large 
numbers of grains with varying orientations and sizes. Moreover, the temperature, pressure, 
presence or absence of dopants, and other factors controlled in the fabrication of silicon can 
be used to determine the crystalline and other properties of the resulting silicon structures. 
[0003] Multi-layer assemblies including polysilicon may be used in the fabrication of 
semiconductor devices. Certain types of multi-layer assemblies may be formed by the vapor 
deposition of one or more layers, which may then be further processed by patterning and 
etching techniques, to produce various device structures. When polysilicon transistor floating 
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gate structures are manufactured in this manner, it is desirable that they have certain electrical 
and physical properties, in order to promote their ability to store and retain electrical charges. 
[0004] Furthermore, unwanted loss by leakage of the charge stored on a transistor's 
floating gate may lead to the loss of stored data, and therefore is an undesirable event. 
Accordingly, it is advantageous to minimize the floating-gate leakage currents of a storage 
transistor, and thereby to increase its long-term ability to store data. Thus, the observed 
problem of the degradation of data retention can be attributed in part to the loss of gate 
charge by leakage. 

[0005] One possible mechanism of charge loss from the floating-gate may involve charge 
leakage across the tunnel dielectric, from the floating gate to the channel or substrate. Thus, 
one factor that could contribute to the occurrence of the floating-gate stored charge loss by 
leakage would be the strength of the electric field across the tunnel dielectric. Moreover, in 
order to improve the data retention of a floating gate transistor, there exists a need for 
methods and structures that may help reduce the electric fields caused by a stored charge. 

SUMMARY OF THE INVENTION 

[0006] After etching it is desirable that polysilicon floating gate elements have lateral 
walls that are as smooth as possible. Stated another way, it is desirable to minimize any 
physical protrusions, also known as "tips", which may be formed on the lateral walls. This is 
true, because it is believed that such protrusions or tips, especially when located near the 
tunnel oxide layer, result in increased electric fields, and therefore, increased leakage of the 
charge stored on the floating gate, thus impairing the gate's ability to retain a stored data 
value over time. 

[0007] On the other hand, it is also desirable to form smooth ONO (Si0 2 /Silicon Nitride) 
dielectric layers superposed on the upper surfaces of the polysilicon floating gate elements. 
Thus, during fabrication of a floating gate, it is desirable that the upper surface of the gate be 
as smooth as possible, because this provides for the superposition onto this surface of a 
smoother and more uniform control gate dielectric layer. 

[0008] Floating gate elements with smooth lateral walls without "tips" can be fabricated 
by the deposition of "grainy" polysilicon. However, polysilicon floating gates made in this 
manner have an upper surface that is rough, rather than smooth as desired. Floating gates 
with smooth upper surfaces can be fabricated using amorphous silicon, but in this case, their 
lateral walls may have "tips" in the regions adjacent to the ONO tunnel oxide layer, which 
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are undesirable because, being protrusions, their physical characteristics cause an increase in 
the strength of the electric fields across the tunnel dielectric. It is desirable to minimize the 
strength of the electric field between the floating gate and the substrate, because an increase 
in field strength causes a greater loss by leakage of the charge stored in the floating gate. 
[0009] Accordingly, there is a need for techniques that improve the manufacture of 
transistor floating gates, wherein the floating gates exhibit the desired properties of smoother 
lateral walls with reduced "tips" adjacent to their ONO tunnel oxide layers, and which also 
have smoother upper surfaces adjacent to their control gate dielectric layer. 
[0010] The present invention is directed to improved methods for the manufacture of 
polysilicon transistor floating gate microstructures having smooth lateral walls after etching, 
with reduced "tip" formation adjacent to the ONO tunnel oxide layer; and wherein the 
floating gate elements have smooth upper surfaces after deposition, resulting in improved 
ONO gate oxide layer deposition. Thus, the present invention is directed to techniques and 
methods for the fabrication of single- and multi-layer transistor floating gate structures with 
improved electrical and physical characteristics. Furthermore, the present invention can be 
utilized for the manufacture of devices having improved floating gate structures as disclosed 
herein. 

[0011] Roughly described, the seemingly contradictory objectives of reduced tip adjacent 
the tunnel dielectric layer and increased smoothness adjacent the gate dielectric layer can 
both be achieved by forming a silicon layer that transitions from polysilicon at one surface to 
amorphous silicon at the opposite surface. The transition can be monotonic, and can be either 
continuous or it can change abruptly from polysilicon to amorphous silicon. If such a layer is 
formed as the floating gate of a floating gate transistor structure, the larger grain structure 
adjacent to the tunnel dielectric layer can reduce the formation of a tip and thus reduces 
leakage. On the other hand, the smaller grain structure adjacent to the gate dielectric layer 
can produce a smoother, more uniform gate dielectric layer. The polysilicbn-to-amorphous 
silicon transistor can be fabricated with a temperature profile that favors polysilicon 
formation at the start of floating gate deposition, and transitions during deposition to a 
temperature that favors amorphous silicon deposition at the end of floating gate deposition. 
[0012] Particular aspects of the present invention are further described in the claims, 
specification, and drawings that follow. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] Figure 1 is a cross-section diagram of a silicon device structure. 

[0014] Figure 2 is a cross-section of a multi-layer assembly including layers formed by 

deposition in accordance with one embodiment of the invention. 

[0015] Figure 3 illustrates the cross-section of a multi-layer assembly including layers 
formed by deposition in accordance with the invention. 

[0016] Figure 4 depicts a cross-section of a floating gate transistor including drain and 
source regions. 

[0017] Figure 5 corresponds to a possible temperature profile for an RTP system used for 
the deposition of a continuous phase change polysilicon layer. 

[0018] * Figure 6 corresponds to a possible temperature profile for an RTP system used for 
the deposition of a continuous phase change polysilicon layer. 

[0019] Figure 7 corresponds to a possible temperature profile for an RTP system used for 
the deposition of a continuous phase change polysilicon layer. 

[0020] Figure 8 corresponds to a possible temperature profile for an RTP system used for 

the deposition of a floating gate polysilicon film. 

[0021] Figure 9 depicts the plan view of a polysilicon structure. 

[0022] Figure 10 depicts the plan view of an amorphous silicon structure. 



DETAILED DESCRIPTION 

[0023] The following detailed description is made with reference to the figures. Certain 
embodiments are described to illustrate the present invention, not to limit its scope, which is 
defined by the claims. Those of ordinary skill in the art will recognize a variety of equivalent 
variations on the description that follows. 

[0024] A semiconductor device may be fabricated by processes that include the formation 
of multi-layer assemblies through vapor deposition onto a substrate structure. In addition, the 
electrical properties of the multi-layer assemblies used to form device microstructures can be 
modified during deposition by the selective inclusion of other elements or compounds during 
or after the deposition process, to obtain results referred to as "doping." 
[0025] Figure 1 is a cross-section diagram of a silicon device structure 100, incorporating 
features of the invention. The structure comprises a substrate 104, a multi-layer assembly 102 
superposed on the substrate, and at least one additional layer 124 superposed on the upper 
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surface 1 12 of the multi-layer assembly. The multi-layer assembly comprises a first layer 106 
further comprising a first surface 108, a second surface 1 10, a first region 106A adjacent to 
the first surface, and a second region 106B adjacent to the second surface. The multi -layer 
assembly further comprises a second layer 120 adjacent to the first surface, and a third layer 
122 adjacent to the second surface. 

[0026] Figure 2 illustrates the cross-section of a multi-layer assembly 200 in one 
embodiment of the invention. The assembly comprises a substrate assembly 204, on which a 
first layer 220 is superposed, and the first layer may comprise a dielectric such as an ONO 
layer, or may comprise another layer composition. According to an aspect of the invention, 
second layer 206 is superposed on first layer 220 by deposition, and the second layer 
comprises a first region 206A comprising polysilicon, and a second region 206B, comprising 
amorphous silicon, is superposed onto the first region by deposition. A third layer 222, 
comprising a dielectric such as an ONO layer or another layer composition, is superposed on 
the second layer. Formation of the multi-layer assembly 200 includes deposition of the 
polysilicon first region 206 A at a temperature of about 620° C, and deposition of the 
amorphous silicon second region 206B at about 520° C. 

[0027] • The depiction in Fig. 2 of multi-layer assembly 200 is not limiting. Substrate 
assembly 204 will typically comprise microstructures formed during prior manufacturing 
steps. For example, prior to the superposition of first layer 220, substrate 204 may already 
include source and drain regions, and it may already include the substrate components for a 
memory array, or components for other circuits or devices. Moreover, additional layers or 
structures 224 may be superposed above the upper surface 212 of third layer 222. Therefore, 
an embodiment of the invention includes the method of manufacturing a multi-layer assembly 
superposed on an existing substrate, which may itself already comprise multiple 
manufacturing steps, and/or multiple layers. Moreover, the embodiment may also comprise 
the multi-layer assembly having additional superposed layers or structures. 
[0028] Figure 3 illustrates the cross-section of a multi-layer assembly 300 in another 
embodiment of the invention. The assembly comprises a substrate assembly 304 onto which a 
first layer 320 is superposed, and the first layer may comprise a dielectric such as an ONO 
layer, or may comprise another layer composition. In another embodiment of the invention, 
second layer 306 further comprising a continuous phase change polysilicon structure is 
superposed on first layer 320 by deposition, using an RTP (Rapid Thermal Processing) 
system, in which the deposition process starts at a temperature of about 620° C, and ends at a 
temperature in the range of about 550° C to about 520° C. The process is performed in this 
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manner, because the temperature range chosen causes the deposition of a continuous phase 
change polysilicon second layer, having a poly silicon first region 3 06 A, adjacent to a first 
surface 308 of the second layer, and an amorphous silicon second region 306B adjacent to a 
second surface 310 of the second layer. 

[0029] As with the embodiment of Fig. 2, the depiction in Fig. 3 of multi-layer assembly 
300 is not limiting. Substrate assembly 304 may typically include features formed during 
prior manufacturing steps, and additional layers or structures 324 may be superposed on the 
upper surface 3 1 2 of third layer 322. Therefore, another embodiment of the invention 
includes the method of manufacturing a multi-layer assembly superposed on an existing 
substrate, which may itself already comprise multiple steps, and/or multiple layers. The 
embodiment may also include the multi-layer assembly having additional superposed layers 
or structures. 

[0030] Figure 4 depicts a cross-section of a floating gate transistor microstructure 400 in 
one embodiment of the invention. The assembly comprises a substrate 404, which further 
comprises drain and source regions 404A-B. Floating gate transistor 400 comprises an ONO 
tunnel oxide layer 420 superposed on the substrate 404, and further comprises a polysilicon 
floating gate 406 superposed on the tunnel oxide layer 420. Control element 424, which may 
consist of a polysilicon layer, is superposed on an ONO interpoly dielectric layer 422, which 
in turn is superposed on floating gate 406. 

[0031] The floating gate 406 has a first region 406A adjacent to first surface 408, and a 
second region 406B adjacent to second surface 410. According to an aspect of the invention, 
the first region is deposited under conditions favoring the formation of polysilicon, and the 
second region is deposited under conditions favoring the formation of amorphous silicon. 
[0032] Figure 5 illustrates a possible temperature profile 502 for an RTP system, which 
can be used during the deposition of the floating gate layer, thereby forming the continuous 
phase change polysilicon layers 306 and 406 of Figures 3 and 4. In Figure 5, the X-axis 
represents time, and the Y-axis represents temperature. In one embodiment of this aspect of 
the invention, the deposition process occurs during a decreasing temperature gradient 506 
having a starting temperature 504 of approximately 620° C, and an ending temperature 508 
approximately in a range of about 520° C to 550° C. Polysilicon is deposited at the higher 
temperature 504, whereas at the lower temperature 508, amorphous silicon is deposited. 
During transition 506, from the higher to the lower temperature, the deposited material 
gradually transitions from polysilicon in the first region to amorphous silicon in the second 
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region, thereby forming an approximately monotonic crystalline gradient from the first 
regions to the second regions of the deposited layer. 

[0033] It is not necessary that all embodiments of the invention have a linear temperature 
decrease as shown in Figure 5; preferably, though, the temperature decrease is monotonic. 
However, a monotonic temperature decrease is not an absolute requirement, as there may be 
temperature discontinuities, steps, or alternate profiles. For example, Figures 7 and 8 
illustrate operating temperature profiles for other possible embodiments of the invention. 
[0034] Figure 6 is a cross-section diagram of a floating gate transistor microstructure 600, 
according to another embodiment of the present invention. The assembly comprises a 
substrate 604, which includes drain and source regions 604A-B. The transistor structure 
includes an ONO tunnel oxide layer 620 superposed on the substrate 604, and further 
comprises a floating gate 606 superposed on the tunnel oxide layer 620. Control element 
624, which may be a polysilicon layer, is superposed on an ONO interpoly dielectric layer 
622, which is in turn superposed on floating gate 606. 

[0035] The floating gate 606 comprises a first region 606A adjacent to a first surface 608 
of the floating gate 606, and to a second region 606B adjacent to a second surface 610 of the 
floating gate 606. The first region 606A is primarily amorphous silicon. As with the 
embodiment of Fig. 4, the polysilicon microstructure adjacent to the first surface 608 resists 
the formation of tips on side wall etch, and the amorphous silicon microstructure adjacent to 
the second surface 610 provides a smooth surface 610 for improved smoothness and 
uniformity of the superposing gate dielectric layer 622. 

[0036] Figure 7 shows another possible temperature profile 702 of an RTP system, 
according to an aspect of the invention, for the deposition of a continuous phase change 
polysilicon layer as shown in Figs 3 and 4. The X-axis represents time, and the Y-axis 
represents temperature. In one embodiment of the invention, the deposition process 
temperature profile has a starting temperature 714 of approximately 620° C, and an ending 
temperature 720 approximately in a range of about 550° C to 520° C, and the deposition 
process takes place during an interval corresponding to a starting time 704 and an ending 
time 710. 

[0037] Referring to Figures 4 and 7, formation by deposition of the first region 406A, of 
the floating gate 406, takes place during a first interval lasting from about time 704 to about 
time 706, starting with formation of the first surface 408, deposited on tunnel oxide layer 420. 
During the first interval, the temperature is maintained at about starting temperature 714. 
Controlling the temperature to keep it approximately constant during the period of time from 
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704 to 706, during the initial deposition of the first gate region, promotes development of a 
certain thickness of the region adjacent to the first surface 408, which therefore results in a 
desired grain structure, which reduces tip formation during subsequent etching steps, when 
sidewalls 602A and 602B are formed. Moreover, in-situ doping of the lower region may also 
be performed during this deposition process. 

[0038] The first interval is followed by a second interval, lasting from about time 706 to 
about time 708, during which the temperature is reduced gradually from the starting 
temperature 714 to temperature 718. Polysilicon is being deposited when reduction of the 
temperature starts at about time 706; however, when the temperature reaches the range 708 to 
710, the deposition is forming amorphous silicon. In the range starting at about 706, and 
ending at about 708 to 710, a continuous phase-change region is being deposited, with 
crystalline properties which start as polysilicon and end as amorphous silicon. 
[0039] Referring to Figures 4 and 7, formation by deposition of the second region 606B 
of the floating gate, comprising amorphous silicon, takes place during a third interval lasting 
from about time 708 to about time 710, during which the process temperature is controlled to 
follow a decreasing profile, starting at a temperature 718 of about 550° G, and ending at a 
temperature 720 of about 520° C. Furthermore, in-situ doping of the second region may be 
performed during the deposition process. 

[0040] Accordingly, one embodiment of the invention provides for the formation of a 
polysilicon floating gate microstructure comprising upper and lower portions; wherein the 
lower portion 406A is composed of random grain polysilicon, and the upper portion 406B is 
composed of amorphous silicon. 

[0041] Figure 8 corresponds to another possible temperature profile 802 for an RTP 
system, when used for the deposition of a floating gate polysilicon film. The X-axis 
represents time, and the Y-axis represents temperature. In one embodiment of the invention, 
the deposition process temperature profile has a starting temperature 814 of approximately 
620° C, and an ending temperature 818 approximately in a range of about 550° C to 520° C, 
and takes place during an interval corresponding to a starting time 804A and an ending time 
808B. 

[0042] Referring to Figures 6 and 8, formation by deposition of the first region 606A of 
the floating gate takes place during a first interval lasting from about time 804A to about time 
804B, starting with formation of the first surface 608, superposed on tunnel oxide layer 620. 
During this first interval, the temperature is maintained at about starting temperature 814. 
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Moreover, in-situ doping of the lower region may be performed during the deposition of the 
lower region. 

[0043] The end of the first interval is followed by a transition in the temperature from 
starting temperature 814 to an intermediate temperature 816, and this transition occurs during 
a second interval lasting from about time 804B to about time 806A. An intermediate 
temperature 8 1 6 is kept approximately stable during a third interval, lasting from about time 
806A to about time 806B. Although Fig. 8 illustrates an intermediate temperature 816 that 
appears to be lower than initial temperature 814, this pictorial feature is not intended to be 
limiting. To the contrary, intermediate temperature 816 may be higher or lower than initial 
temperature 814, as may be necessary to perform a desired annealing, conditioning, or other 
types of processing. The end of the third interval is followed by another transition in the 
temperature from the intermediate temperature 816 to the ending temperature 818, in a range 
of about 550° C to 520° C, and this transition occurs during a fourth interval lasting from 
about time 806B to about time 808A. Optionally, process deposition, doping, etc. can also 
take place during the transition and intermediate regions 804B to 808A. 
[0044] Formation by deposition of the transistor floating gate second region 606B, 
comprising amorphous silicon, takes place during a fifth interval lasting from about time 
808A to about time 808B, during which the temperature is kept stable at about the ending 
temperature 818, which may be in a range of about 520° C to 550° C. Furthermore, in-situ 
doping of the upper region may be performed during the deposition of the upper region. 
[0045] Figure 9 is a TEM micrograph 900, depicting the plan view of a polysilicon 
structure, wherein scale 901 represents 50 nm. Plan view 906 show the "grainy" composition 
of the polysilicon layer 906 at surface 408 or 608 of floating gate 406 or 606, respectively 
(Figs. 4 and 6). It is believed that the coarse grain structure of the polysilicon favors 
smoother floating gate sidewalls near the tunnel dielectric layer 420 or 620 on etching. 
[0046] Figure 10 is a TEM micrograph 1000, depicting the plan view of an amorphous 
silicon structure, wherein scale 1001 represents 100 nm. Plan view 1006 illustrates the 
reduced presence and size of grains in an amorphous silicon structure relative to the grain 
sizes of the polysilicon structure illustrated in Figure 9. The smoother microstructure of 
amorphous silicon at surface 410 or 610 of floating gate 406 or 606, respectively, is believed 
to provide a more desirable foundation for the formation of smoother ONO control dielectric 
layers 422 and 622. 

[0047] Accordingly, it is believed the formation of a silicon layer that transitions from 
polysilicon at one surface to amorphous silicon at the opposite surface, addresses the two 
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seemingly contradictory objectives of reduced tip adjacent the tunnel dielectric layer and 
improved smoothness adjacent the gate dielectric layer, and that temperature control during 
the deposition of the silicon layer can provide the appropriate transition. 
[0048] The foregoing description of preferred embodiments of the present invention has 
been provided for the purposes of illustration and description. It is not intended to be 
exhaustive or to limit the invention to the precise forms disclosed. Obviously, many 
modifications and variations will be apparent to practitioners skilled in this art. The 
embodiments were chosen and described in order to best explain the principles of the 
invention and its practical application, thereby enabling others skilled in the art to understand 
the invention for various embodiments and with various modifications as are suited to the 
particular use contemplated. It is intended that the scope of the invention be defined by the 
following claims and their equivalents. 



Page 10 of 13 



